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gastrulationto affect mesoderm patterning, their inﬂuence on intermediate mesoderm
speciﬁcation during gastrulation is ignored. Here, we show that pronephros precursors are exposed to FGF,
but a strict control of FGF signals is necessary to allow pronephros development. We provide evidence that
this control is mediated by the paired-like homeobox genes Mix.1 and Mix.2. Morpholino-based Mix.1/2
knockdown, or repression ofMix.1 target genes with an enRMix.1 construct, causes an expansion of FGF4 and
FGF8 expression in the lateral marginal zone at gastrula stage, together with an inhibition of pronephros
development at neurula and tailbud stages. Expression of the nephrogenic mesoderm markers Xlim-1 and
XPax-8 can be rescued in Mix.1/2 morphants by intrablastocoelic injections of the FGFR inhibitor SU5402
at mid-gastrula stage, showing that inhibition of pronephros development results from an increase of FGF
signalling. We further show that Mix.1 overexpression results in the down-regulation of FGF3, 4, 8 and
XmyoD, in addition to Xbra. However, cells overexpressing Mix.1 can normally populate somites, indicating
that Mix.1 does not affect their fate cell autonomously. These data support the idea that Mix.1/2 regulates
levels and/or duration of FGF signals to which pronephros precursors are exposed during gastrulation.
© 2008 Elsevier Inc. All rights reserved.IntroductionIn Xenopus, mesoderm forms during cleavage stages in the
marginal zone, as the result of interactions between animal and
vegetal blastomeres. Mesodermal cell populations are speciﬁed to
their different fates, i.e., notochord, somites, pronephros, lateral plate,
heart or blood during gastrulation. This process is largely dependent
on extracellular signals to which cell populations are exposed
(Heasman, 2006). At the beginning of gastrulation, signals are
regionalized in the marginal zone according to the animal–vegetal
axis. The Xenopus nodal related factor 2 (Xnr2) gene is expressed
vegetally (Kumano and Smith, 2000), while FGF signalling is restricted
to the animal part, as revealed by the expression of genes encoding
FGF3, 4 (also called eFGF), 8 and the detection of activated Erks
(Christen and Slack, 1997, 1999; Isaacs et al., 1992; Tannahill et al.,
1992). Several lines of evidence show that FGF signals have an
important function in repressing blood fate in the animal region of the
marginal zone. Ectopic FGF inhibits Xnr2 expression in the vegetal
marginal zone at gastrula stage, and globin expression in ventral blood
islands at tailbud stage. Conversely, inhibition of FGF signalling causes
an expansion of Xnr2 expression in the animal marginal zone at
gastrula stage, and an increase of globin expression at tailbud stagesu).
l rights reserved.(Kumano and Smith, 2000). FGF4 has been recently implicated in this
process since expression of the early blood marker SCL (Stem Cell
Leukemia) increases after FGF4 knockdown (Isaacs et al., 2007).
Inhibition of Xnr2 expression and further development of blood
islands by FGF is mediated by Xbra (Kumano et al., 2001), which
encodes a T-box transcriptional activator (Conlon et al., 1996). A
second TGF-β member, ADMP2, is expressed in the vegetal marginal
zone. Its expression is expanded animally when FGF signals are
inhibited. ADMP2 knockdown results in the inhibition of blood islands
and heart development, but does not affect expression of somite,
pronephros or lateral plate markers (Kumano et al., 2006).
Besides repressing blood fate, FGF signals play an important role in
community interactions occurring within subsets of mesodermal cell
during gastrulation. Somite or notochord precursor cells need to
remain in contact to be able to differentiate (Gurdon et al., 1993b;
Weston et al., 1994). This process, known as community effect, implies
a requirement for each cell to receive a signal from surrounding cells
of its own kind (Gurdon et al., 1993a). This signal has been clearly
identiﬁed for somitic muscle precursors as FGF. Muscle-speciﬁc gene
expression only occurs in marginal zone cells dissociated at early
gastrula stage, if they are exposed to exogenous FGF4 for a period
grossly corresponding to completion of gastrulation. This indicates
that somitic muscle precursor cells have to maintain FGF signalling in
their environment during all this period (Standley et al., 2001). Both
FGF4 and the FGF8 splice form FGF8b are necessary for the expression
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process (Fisher et al., 2002; Fletcher et al., 2006). Regulation of FGF-
encoding genes in somitic precursors is still only poorly understood.
Xbra has been shown to regulate FGF4 through binding to FGF4-
regulatory sequences (Casey et al., 1998). Since FGF4 regulates Xbra
expression, both genes can be elements of an indirect autoregulatory
loop (Isaacs et al., 1994; Schulte-Merker and Smith, 1995). This
mechanism is likely to be responsible for dorsal marginal zone and
notochord expression of FGF4, since repression of Xbra target genes by
the expression of a chimeric proteinmade of the DNA-binding domain
of Xbra and the repressor domain of engrailed blocks dorsal marginal
zone and notochord-speciﬁc expression of endogenous FGF4 and
Xbra. However, repression of Xbra-target genes does not affect FGF4
and Xbra expression in other sectors of the marginal zone (Casey et al.,
1998; Conlon et al., 1996) which also contain somitic precursors
(Keller, 1991; Lane and Smith, 1999), implicating that other yet
unknown mechanisms are involved (Showell et al., 2004).
The Mix-family of paired-like homeobox transcription factors
contains seven members including the two closely related genes
Mix.1and 2 (Rosa, 1989; Vize, 1996), Mixer (Henry and Melton, 1998)
and Bix1–4 (Tada et al., 1998). Mix.1 and Mixer are required for
endoderm development (Henry and Melton, 1998; Kofron et al., 2004;
Lemaire et al., 1998). Mixer knockdown results in the inhibition of
several endodermal markers such as Sox17α, Gata5 and edd (Kofron et
al., 2004), while expression of a chimeric protein made of the
repressor domain of engrailed and the homeodomain of Mix.1
(enRMix.1) inhibits cerberus, edd and Sox17α expression (Latinkic
and Smith, 1999; Lemaire et al., 1998). Mixer and Mix.1 can also
inﬂuence expression of FGF-encoding genes or Xbra in the marginal
zone. Mixer knockdown causes an increase of FGF3 and 8 expression,
together with a decrease of FGF4 and Xbra expression (Kofron et al.,
2004). However, Mixer is expressed in the deep vegetal mass
containing endodermal precursors but not in the marginal zone
(Henry and Melton, 1998). Mixer is actually thought to regulate the
ability of vegetal cells to induce mesoderm in the marginal zone
(Kofron et al., 2004).Mix.1 and its close relativeMix.2 are expressed in
marginal zone and deep vegetal cells (Rosa, 1989; Vize, 1996). At the
onset of gastrulation, Mix.1 and Xbra expression domains largely
overlap and then progressively exclude each other. Overexpression of
Mix.1 causes a down-regulation of Xbra, while Xbra overexpression
results in the down-regulation of Mix.1, indicating that each gene
negatively inﬂuences the expression of the other (Lemaire et al., 1998).
In the dorsal marginal zone, Xbra repression byMix.1 results from the
activation of the transcriptional repressor gscwhich directly represses
Xbra (Latinkic and Smith, 1999). This is likely to affect FGF4 expression
in the dorsal marginal zone through an interference with the Xbra–
FGF4 autoregulatory loop. In the lateral and ventral marginal zone,
where gsc is not expressed, Mix.1 overexpression still results in the
inhibition of Xbra. In that case, it is not knownwhetherMix.1 controls
another gene directly repressing Xbra, or whether it affects Xbra
expression more indirectly by interfering with FGF signals.
The observation that speciﬁcation of dorsal mesodermal structures
such as somites requires FGF, while FGF represses ventral mesodermal
fate such as blood has led to the hypothesis that FGF signals may play
an important function in the dorsoventral patterning of mesoderm
(Kumano and Smith, 2002). However, little is known about the
implication of FGF signals in the speciﬁcation of intermediate and
lateral mesoderm derivatives. The pronephros forms immediately
ventral to anterior somites, and thus, provides an interesting system to
test FGF role upon intermediate mesoderm development. Speciﬁca-
tion of the pronephric ﬁeld is thought to begin during gastrulation.
Overlapping expression of Xlim-1 and XPax-8 at late gastrula and
neurula stages plays an important role in the establishment and
maintenance of the pronephric mesoderm (Carroll and Vize, 1999;
Carroll et al., 1999). We have recently shown that pronephros
speciﬁcation requires functional retinoic acid (RA) signals in prone-phros precursors during gastrulation (Cartry et al., 2006). Pronephros
speciﬁcation is also inﬂuenced by signals emitted by the Spemann's
organizer (Dosch et al., 1997; Lettice and Slack, 1993) which require
functional FGF signalling in organizer cells (Mitchell and Sheets,
2001). Here, we provide data indicating that pronephros precursors
are exposed to FGF signals during gastrulation, but that these signals
need to be down-regulated to allow pronephros development.
Morpholino-based Mix.1/2 knockdown, or repression of Mix.1 target
genes with enRMix.1, results in an expansion of FGF4 and 8 expression
in the marginal zone at gastrula stage, together with an inhibition of
pronephros development at later stages. Expression of Xlim-1 and
XPax-8 at neurula stage can be rescued in Mix.1/2 morphants by
intrablastocoelic injections of the FGF receptor inhibitor SU5402 at
mid-gastrula stage, showing that inhibition of pronephros develop-
ment results from an increase of FGF signalling during gastrulation.
We further show that Mix.1 overexpression in the lateral marginal
zone inhibits not only Xbra expression but also expression of FGF3, 4,
8 and Xmyod. This agrees with the idea that Mix.1 has a general
negative inﬂuence on FGF signals in the marginal zone. It is unlikely
that this results from a general inhibition of mesoderm development
because we observe that under conditions causing Xbra inhibition,
Mix.1 overexpression does not affect pronephros development. Finally,
we provide data showing thatMix.1-overexpressing cells implanted in
the marginal zone of normal embryos can populate somites,
implicating that Mix.1 does not affect the ability of mesodermal cells
to participate to community interactions and respond to FGF.
Materials and methods
Xenopus embryos
Xenopus laevis were purchased from the CNRS Xenopus breeding center (Rennes,
France). Embryos were obtained by artiﬁcial fertilization and were cultured in modiﬁed
Barth's medium (MBS). Stages were determined according to the normal table of Xe-
nopus laevis (Nieuwkoop and Faber, 1967).
Immunodetection of GFP in transgenic Xbra-GFP embryos
Transgenic Xbra–GFP embryos were obtained by breeding a transgenic male
carrying a transgene made of Xbra-4.1 promoter sequence driving expression of GFP
(Latinkic et al., 1997; Lerchner et al., 2000) with awild-type female. Embryos were ﬁxed
in MEMFA at late gastrula stage (NF st.12.5), neurula stage (NF st.16) or tailbud stage (NF
st. 22–25) and then stored in ethanol at −20 °C. GFP was immunodetected on 10 μm
sections prepared as previously described (Riou et al., 1988) with an anti-GFP (Roche, 1/
1000) and an Alexa 488-conjugated anti-mouse IgG (Jackson Laboratories, 1/1000).
Plasmid constructs and RNA transcription
Origin and construction of vectors allowing expressions of Mix.1 (pBSRN3Mix.1),
enRMix.1 (pBSRN3 enRMix.1) (Lemaire et al., 1998), FGF4 (pSP64-eFGF) (Isaacs et al.,
1994), dominant negative FGF receptor XFD (pXFD/xss) (Amaya et al., 1991), truncated
torso-FGFR-4 (pSP64T-t-R4Δ), constitutive FGFR-1 (pSP64T-t-R1) (Umbhauer et al.,
2000), β-galactosidase (SP6nucβGal) (Smith and Harland, 1991) and GFP (pBSRN3-GFP)
(Zernicka-Goetz et al., 1996) have been previously described. For expression of Myc-
tagged version of Mix.1, Mix.2 and Mixer, the respective coding sequences were PCR
ampliﬁed from pBSRN3Mix.1, pSP64T-Mix.2 (Vize, 1996) and pCS3-Mixer (Henry and
Melton,1998) using the advantage PCR kit (Clontech). PCR fragments were inserted into
the BamH1– ClaI sites of pCS2+MT (Rupp et al., 1994) in order to produce chimeric
proteins with six Myc tags at the C-terminus. For RNA transcription, plasmids were
linearized with NotI (all pCS2-MT constructs,), SﬁI (all pBSRN3 constructs), EcoRI
(pXFD/xss), XhoI (SP6nucβGal), SacI (pSP64T-t-R1) or BamH1 (pSP64-eFGF, pSP64T-t-
R4Δ), and were transcribed according to standard procedures (Krieg and Melton, 1987),
with SP6 RNA polymerase or T3 RNA polymerase (pBSRN3 constructs).
Analysis of gene expression
In situ hybridization for the Xenopus genes Xlim-1 (Taira et al., 1994), XSMP-30 (Sato
et al., 2000), XPax-2 (Heller and Brandli, 1997), XPax-8 (Carroll and Vize, 1999), Wilms
tumour-1 (XWT1) (Semba et al., 1996), SCL (Mead et al., 1998), XMyoDa (Hopwood et al.,
1989), XOsr2 (Tena et al., 2007), XFGF3(Tannahill et al., 1992), XFGF4 (Isaacs et al., 1995),
XFGF8 (Christen and Slack, 1997) was carried out as previously reported (Djiane et al.,
2000). Staining for β-galactosidase was done according to previously published
procedures (Vize et al., 1991) using Red Gal (Research Organics) as substrate. RT-PCR
analysis has been carried out as described (Cartry et al., 2006).
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Three morpholino oligonucleotides designed to knockdown Mix.1, Mix.2 or both
were purchased from Gene Tools. Mo1 (5′-TACCTAAGTCGGTTGTTGACCTCCT-3′) is
targeted to a common sequence of Mix.1 and Mix.2, while Mo2 (5′-CGATCAGGAATCC-
TACTTACCTAAG-3′) and Mo3 (5′-AAAGCAGGAATCCTACCTACCTAAG-3′) are targeted
against Mix.2 and Mix.1, respectively (Fig. 3). Cmo (5′-TAgCTAAcTCGcTTGTTcACCTgCT-
3′) corresponds to Mo1 with ﬁve mismatches and was used as control. Mo.1,2,3 and
Cmo (10–20 ng) were injected into the lateral marginal zone two blastomeres at the 4-
cell stage. Efﬁciency and speciﬁcity of the morpholino knockdown approach was tested
by separately injecting at the 2-cell stage one of the morpholino and one of the mRNA
(100 pg) encoding Mix.1-Myc, Mix.2-Myc or Mixer-MycmRNAs. Each mRNAwas mixed
with 50 pg Myc-tagged-t-R4ΔmRNA in order to allow normalization between samples.
Injected embryos were cultured until mid-gastrula stage and were processed for
Western blotting detection of Myc-tagged protein. Protein extraction and immunode-
tection with the 9E10 antibody (Santacruz) were performed as previously described
(Umbhauer et al., 2000), except that bands were visualized with peroxidase-conjugated
anti-mouse IgG antibodies (1/10000, Jackson Laboratories) and chemiluminescence
(Western Lightning Plus, PerkinElmer).
Inhibition of FGF receptor signalling
Embryos injected with morpholinos were cultured until NF st.10 and then for three
additional hours at 25 °C. Ten nanoliters of a 4-mM DMSO stock of the FGF receptor
kinase inhibitor SU5402 (Calbiochem) were injected into the blastocoel (Sivak et al.,
2005). Embryoswere cultured in 0.1×MBS until neurula stage andwere processed for in
situ hybridization.
Combined marginal zones and transplantation assays
Combination of ventral and dorsal marginal zone explants, as well as implantation
of t-R1 or Mix.1 overexpressing cells in the lateral marginal zone were performed as
previously described (Cartry et al., 2006). For implantations, lateral marginal zone
explants were dissected at NF st.10 from embryos previously injected with RLDx
(Rhodamine-labelled lysinated dextran) or with a mixture of GFP mRNA and t-R1, Mix.1
or XFD mRNAs. Explants were taken from a marginal zone sector located 45°–90° from
the dorsal lip of the blastopore that contains pronephros and anterior somites
precursors. Ten RLDx and 10 GFP-labelled explants were dissociated together in Ca++–
Mg++-free medium (Winklbauer and Selchow, 1992). After removal of the outer layers,
dissociated cells were thoroughly mixed and reaggregated in 1× MBS. Small pieces
containing 30–50 cells were removed from the aggregate and were grafted in the 45°–
90° marginal zone sector of unlabelled recipient NF st.10 embryos. Grafted embryos
were cultured until early tadpole stage and were ﬁxed for the immunodetection of GFP
with an anti-GFP (Roche,1/1000) and an Alexa 488-conjugated anti-mouse IgG (Jackson
Laboratories, 1/1000). Distribution of labelled cells was analyzed under dissection
microscope equipped for ﬂuorescence detection.
Histology
Histology was carried out as described (Riou et al., 1998), except that sections were
stained with Ehrlich eosin–hematoxylin (Fluka).
Results
Pronephros precursors express Xbra although FGF overactivation inhibits
pronephros development
Analysis of GFP distribution in embryos expressing GFP under the
control of Xbra regulatory sequences (Lerchner et al., 2000) has shown
that the progeny of Xbra-expressing cells populates dorsal mesoderm
at tailbud stages (Kumano et al., 2001). These data are based on the
fact that GFP is very stable and continues to be detectable long after
the transgene has been switched off in mesodermal cells by the end of
gastrulation. Yet, the ventral limit of mesoderm populated by Xbra-
expressing cells has not been deﬁned and it is unclear whether
pronephros cell precursors express Xbra. We have therefore expanded
results by Kumano et al. (2001) by studying GFP distribution on
sections of Xbra-GFP transgenic embryos at late gastrula (NF st.12.5),
mid-neurula (NF st.16) and tailbud (NF st. 22–25) stages. At all the
stages analyzed, GFP was abundantly detected in the dorsal half of the
mesodermal layer (Fig. 1A). There was no sharp limit between GFP-
positive cells dorsally and GFP-negative cells ventrally. Rather, a
continuous decrease of GFP was observed in the lateral mesoderm,
ending with cells expressing low levels of GFP intercalated with cells
negative for GFP. This suggests that Xbra expression is ﬁnely regulatedin mesodermal cells during gastrulation, with populations at the
origin of lateral mesoderm expressing low levels of Xbra, or expressing
Xbra for a shorter period. According to previously published data
(Kumano et al., 2001), GFP was detected at tailbud stage in somites,
while it was absent from ventral blood islands. GFP was also strongly
detected in the pronephros rudiment, indicating that pronephros
precursors express Xbra during gastrulation (Fig. 1A).
Expression of Xbra during gastrulation is dependent on FGF signals
(Amaya et al., 1993; Fletcher et al., 2006; Isaacs et al., 1994). The strong
accumulation of GFP observed both in somites and pronephros of Xbra-
GFP transgenic embryos may suggest that both cell populations are
similarly exposed to FGF signals at gastrula stages. We have therefore
tested whether the expression of early markers of paraxial (XmyoD)
(Hopwood et al.,1989) and nephrogenicmesoderm (Xpax-8 and Xlim-1)
(Carroll and Vize, 1999) are similarly affected by FGF4 overexpression.
Xenopus FGF4 mRNA (1 pg) was injected twice at the 4-cell stage into
the two right blastomeres in order to target ectopic FGF4 expression in
lateral marginal zone on one side of the embryo. The other side
provides a control for normal expression of the markers. Embryos were
cultured until mid-neurula stage (NF st.15–16) and processed for in situ
hybridization with XmyoD, XPax-8 or Xlim-1 probes. As a control for
FGF4 activity, expression of the early blood marker SCL (Mead et al.,
1998) was analyzed in embryos cultured until early tailbud stage (NF st.
25). Results from two independent experiments showed that FGF4
overexpression had only a limited effect on XmyoD expression with
some embryos exhibiting a slight expansion of XmyoD-expression
domain (n=3/21) (Fig. 1B). As expected, SCL expression was inhibited
when FGF4 expression was targeted to ventral mesoderm (n=12/15)
(Fig. 1B). In contrast to XmyoD, XPax-8 (n=37/48) and Xlim-1 (n=28/30)
expression was dramatically reduced (Fig. 1B). This shows that
pronephros cell speciﬁcation is very sensitive to FGF4 overexpression,
and further suggests that FGF signals have to be highly regulated during
this process.
In the above experiments, it is still unclear whether FGF4 is acting
on the lateral marginal zonewhich contains pronephros precursors, or
more indirectly. To test this, we have analyzed whether FGF4
overexpression inhibits the ability of ventral marginal zone explants
(VMZ) to express pronephros markers when combined with dorsal
marginal zone explants (DMZ). In these experiments, pronephros is
induced in VMZ by signals emitted from the Spemann's Organizer in
the DMZ (Lettice and Slack, 1993). Explants were dissected and
combined at early gastrula stage (NF st. 10.5), and were then cultured
until late tailbud stage (NF st. 33). Expression of markers of glomus
(XWT1) and tubule (XSMP30) developmentwere analyzed byRT-PCR in
two independent experiments. As expected, when both VMZ and DMZ
explantswere dissected fromuninjected embryos, expression of XWT1
and XSMP30was detected. In contrast, when VMZ explants were taken
from embryos previously injected at the 4-cell stage with 1 pg mRNA
FGF4 in the two ventral blastomeres, XWT1 and XSP30 expressionwas
strongly reduced (Fig. 1C). This shows that FGF4 overexpression
inhibits the ability of marginal zone cells to form pronephros.
In a further attempt to characterize the effect produced by FGF
signalling overactivation in pronephros precursors, we have tested
whether expression of the constitutive FGF receptor t-R1 (Umbhauer
et al., 2000) affects the ability of marginal zone cells to populate the
pronephros, when they are implanted in the marginal zone of normal
early gastrula stage embryos. Lateral marginal zone explants were
dissected from embryos previously injected with a mixture of GFP and
t-R1 mRNA (500 pg per blastomere), or from embryos injected with
rhodamine dextran (RLDx). Explants were dissociated in Ca++–Mg++-
free medium, RLDx cells and t-R1+GFP cells were mixed and
reaggregated. Small clumps of cells cut from the aggregate were
grafted as previously described in the lateral marginal zone sector of
NF st. 10 recipient containing pronephros and anterior somites
precursors (Cartry et al., 2006). Contribution of labelled cells to
somites and pronephros was analyzed at early tadpole stage (Fig. 1D,
Fig. 1. Pronephros development is sensitive to FGF overexpression, although pronephros precursors express Xbra. (A) Analysis of GFP distribution in transgenic Xbra-GFP embryos.
Transverse sections of embryos at the late gastrula stage (NF st. 12.5), mid-neurula stage (NF st. 16) and tailbud stage (NF st. 25). GFP remains detectable long after the transgene has
been switched off, i.e., by the end of gastrulation, allowing the identiﬁcation of Xbra-expressing cells progeny. GFP is detected in the dorsal mesodermal structures, but is absent
ventrally. There is no sharp limit between these two domains. Rather, cells expressing low levels of GFP are intercalated with negative cells in the lateral mesoderm. At the late
gastrula stage and the mid-neurula stage, GFP is expressed in paraxial (pm) and laterodorsal mesoderm. At the tailbud stage, GFP is strongly detected in somites (s) and pronephros
anlage (pa), but is absent from ventral blood islands (vbi). (n) notochord, (nt) neural tube. (B) In situ hybridization analysis of mesodermal markers in response to exogenous FGF4.
Analyses of XmyoD, XPax-8 and Xlim-1 expression at the neurula stage, and SCL at the tailbud stage. FGF4 expression was targeted on the right side of the embryos (XmyoD, XPax-8,
Xlim-1) or ventrally (SCL). In some cases, β-galactosidase was co-expressed with FGF4 and revealed with Red Gal. XmyoD expression is slightly expanded on the injected side. SCL
expression is inhibited in response to exogenous FGF4. XPax-8 and Xlim-1 expression is totally abolished by FGF4 overexpression. (C) RT-PCR analysis of pronephros markers in
combined marginal zone explants. Expression of XWT1 and XSMP30 is induced in VMZ explants combined with DMZ explants in response to signals from Spemann's organizer. FGF4
overexpression in VMZ causes a strong inhibition of XWT1 and XSMP30 expression. (D) Expression of a constitutive FGFR (t-R1) impedes mesodermal cells to adopt a pronephric fate.
Small aggregates of control cells stained with RLDx and cells expressing t-R1 and GFP were implanted in the dorsolateral marginal zone of unlabelled recipient embryos, as described
in Materials and methods. Distribution of ﬂuorescent cells was analyzed at early tadpole stage. Both kinds of cells are able to differentiate into well elongated somitic cells. However,
only control cells populate the pronephros.
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cells in somite or pronephros was scored. Control (n=26/27, 96%) and
t-R1-expressing cells (n=23/27, 85%) were observed in somites,
indicating that t-R1 has little effect on their ability to adopt a somitic
fate. In contrast, expression of t-R1 strongly inhibited the ability of
grafted cells to populate the pronephros. Only 7% (n=2/27) of grafted
embryos displayed GFP cells in the pronephros while control cells
were observed in the pronephros in 37% of the cases (n=10/27).
Together, these results strongly suggest that overactivation of FGF
signals in uncommitted mesodermal cells impedes them to adopt a
pronephric fate. It is unclear, however, whether FGF overexpression
affects pronephros speciﬁcation because of higher levels of FGF
signalling or because of a longer exposure of pronephros precursors to
FGF signals during gastrulation.Mix.1 and Xbra expression domains partially overlap in the lateral
marginal zone until mid-gastrula stage
Mix.1 is a good candidate to take part to the modulation of FGF
signals in the marginal zone. Mix.1 has been shown to negatively
inﬂuence Xbra expression during gastrulation (Lemaire et al., 1998)
which is dependent on FGF signals at these stages (Amaya et al., 1993;
Fletcher et al., 2006; Isaacs et al., 1994). In the dorsal marginal zone,
expression of Mix.1 and Xbra are rapidly mutually exclusive (Lemaire
et al., 1998). However, it is not known if this situation is similarly
observed in the lateral marginal zone. We have therefore analyzed
Mix.1 expression in the lateral marginal zone, and compared its
expression domain with that of Xbra. In situ hybridization analysis at
different stages of gastrulation shows that Mix.1 expression rapidly
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remains detectable in the lateral marginal zone at least until mid-
gastrula stage (Fig. 2). In the ventral marginal zone Mix.1 transcripts
are detectable until the late gastrula stage, whenMix.1 is switched off
in the embryo (Henry and Melton, 1998; Rosa, 1989). Distribution of
Mix.1 and Xbra transcripts in the lateral marginal zone has been
respectively analyzed on the two halves of bisected embryos. At the
early gastrula stage (NF st. 10), Mix.1 transcripts are detected in the
deep marginal zone, in a domain largely overlapping with that of
Xbra. At mid-gastrula stage (NF st. 11.5), only a small part of Xbra
andMix.1 expression domains still overlap (Fig. 2). These observations
indicate that both genes are also excluding each other in the lateral
marginal zone but that this process is slower than in dorsal marginal
zone.
Loss of Mix.1/2 function results in the inhibition of pronephros
development
We have tested whether inhibition of Mix.1, or the closely related
gene Mix.2, can affect pronephros development. We ﬁrst used aFig. 2. Expression ofMix.1 in themarginal zone. (A)Wholemount in situ analysis ofMix.1 expres
is expressed in the lateralmarginal zoneuntil themid-gastrula stage, and remainsdetectable in t
expression in the lateral marginal zone. Examples showing the two halves of a bisected embry
dotted lines shown in panel A. At the beginning of gastrulation,Mix.1 and Xbra expression dommorpholino-based strategy of Mix.1 and Mix.2 knockdown. Three
morpholinos were generated. Mo1 target is a common sequence to
Mix.1 and Mix.2, while Mo2 and Mo3 are designed against Mix.2 and
Mix.1, respectively (Fig. 3A). Cmo corresponding to Mo1 sequence
with ﬁve mismatches was used as negative control. Mix.1, Mix.2 and
Mixer sequences located at the junction of 5′ UTRs and coding regions
are very similar. We have therefore tested the ability of Mo1, Mo2 or
Mo3 to inhibit translation of Myc-tagged versions of Mix.1, Mix.2 and
Mixer. All tested morpholinos inhibited translation of their respective
targets. In addition Mo1, which differs from Mixer sequence by four
bases signiﬁcantly reduced translation of Mixer-Myc. It is possible that
20 contiguous bases common with Mixer sequence constitutes
sufﬁcient sequence information to target this gene (Summerton,
2007). Mo3, which has fourmismatches withMix.2 sequence, reduced
Mix.2-Myc translation, although to a lesser extent than Mo1 or Mo2
(Fig. 3B).
The effect produced by Mo1, 2 and 3 upon pronephros develop-
ment was tested. In a ﬁrst set of experiments, expression of
nephrogenic mesoderm markers XPax-8 and Xlim-1 was analyzed at
neurula stage (NF st. 16) in embryos that had been injected at the 4-sion during gastrulation. Embryos are viewed from the vegetal pole. Dorsal side is up.Mix.1
heventralmarginal zoneuntil completionof gastrulation. (B) Comparison ofMix.1 andXbra
o respectively hybridized withMix.1 or Xbra probes. Bisection was made according to the
ains largely overlap. Overlapping area is smaller at the mid-gastrula stage.
Fig. 3. Design and speciﬁcity of morpholinos used for Mix.1 and Mix.2 knockdown. (A)
Morpholino sequences aligned with the ATG region of the different members of the Mix
family in Xenopus lævis. Conserved sequences are indicated in blue. Mo1 is targeted to a
common sequence in Mix.1 and Mix.2. Mo2 and Mo3 are targeted against sequences in
Mix.2 and Mix.1, respectively. Cmo correspond to the Mo1 sequence with ﬁve
mismatches. (B) Western blotting analysis of morpholino speciﬁcity. Messenger RNA
encoding Myc-tagged versions of either Mix.1, Mix.2 or Mixer was injected in embryos
previously injected with one of the morpholinos. Co-injected Myc-tagged t-R4ΔmRNA
was used to normalize samples. Mo1, 2 and 3 inhibit translation of their respective
targets, while Cmo has no effect. In addition to Mix.1-Myc and Mix.2-Myc, Mo1
signiﬁcantly inhibits Mixer-Myc translation. Mo3 inhibits translation of its target Mix.1-
Myc but also affects Mix.2-Myc translation.
Table 1
Inhibition of pronephros development resulting from Mix.1/2 loss of function
Markers Cmo Mo1 Mo2 Mo3 enRMix.1
XPax-8 0% (n=18) 75% (n=42) 0% (n=8) 82% (n=72) 81% (n=37)
Xlim-1 0% (n=20) 80% (n=40) 0% (n=9) 74% (n=38) 78% (n=36)
XWT1 0% (n=20) 74% (n=34) 0% (n=16) 80% (n=31) —
XPax-2 — 90% (n=10) 11% (n=18) 88% (n=27) 86% (n=30)
XSMP30 14% (n=28) 83% (n=54) 0% (n=18) 96% (n=27) 81% (n=65)
Results are reported as the percentage of embryos showing inhibited expression of a
particular gene on the injected side relatively to the control side. n: total number of
embryos analyzed from at least two independent experiments.
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Mo1, 2, 3 or Cmo. Results are summarized in Table 1 and examples are
shown in Fig. 4A. Mo1 and Mo3 strongly inhibited expression of XPax-
8 and Xlim-1. In contrast, Mo2 only slightly affected expression of
nephrogenic mesoderm markers, in a way that we do not consider as
signiﬁcant since Mo2 did not inhibit later development of the
pronephros (see below). As expected, Cmo had no effect (Table 1). In
a second set of experiments, we studied the effect of morpholinos on
later development of pronephros. Expression of XSMP30, XWT1 and
XPax-2 was analyzed at tailbud stages in embryos injected as
described above with Mo1, 2, 3 or Cmo. XSMP30 is expressed in
developing tubules, XWT1 in glomus (Semba et al., 1996) and XPax-2
in tubules and Wolfﬁan duct (Heller and Brandli, 1997). Expression of
all three markers was strongly affected by Mo1 and Mo3 while Mo2
and Cmo did not have any effect (Table 1 and Fig. 5). The observation
that pronephros development is affected by Mo3 but not by Mo2
shows that Mix.1 is necessary for pronephros development while
Mix.2 alone appears to be dispensable. It cannot be ruled out, however,
that Mix.2 is also involved since Mo3 also affected Mix.2-Myc mRNA
translation to some extent. Although Mo1 may interfere with Mixer
function, its effect on pronephros development is identical to Mo3 and
is therefore likely to be due to Mix.1 and Mix.2 knockdown.
Mix.1 has been shown to act as a transcriptional activator. We have
therefore analyzed whether repression of Mix.1 target genes by a
chimeric transcription factormade of the repressor region of engrailed
and the homeodomain of Mix.1 (enRMix.1) (Lemaire et al., 1998) also
inhibited pronephros development. Targeting enRMix.1 expression on
one side of the embryo by injecting enRMix.1 mRNA into the two right
blastomeres (50–100 pg each) at the 4-cell stage results in a strong
inhibition of Xlim-1 and XPax-8 expression at neurula stage (Fig. 4A,
Table 1). Expression of the later pronephros markers XSMP30 and
XPax-2 at tailbud stages is also strongly affected (Table 1). This further
supports the conclusion that Mix.1 and probably Mix.2 are necessary
for pronephros development.
In order to further characterize the effect of Mix knockdown, we
have compared the effect produced by Mo3 injection on the
expression of XMyoD in paraxial mesoderm, XOsr2 (Tena et al., 2007)in lateral mesoderm and SCL in presumptive primitive blood. XPax-8
expression was analyzed in parallel to control Mo3 effect. When Mo3
was targeted on one side of the embryo, XPax-8 expression was
strongly inhibited on this side (n=15/21) (Fig. 4B). In contrast, Mo3
had only little effect on XmyoD expression. In aminority of cases (n=6/
21), expression of XmyoD was slightly expanded on the injected side
(Fig. 4B), while expression was identical on both sides in other cases.
Mo3 strongly inhibited XOsr2 expression (n=15/17) (two independent
experiments) (Fig. 4B). This is in agreement with the expression of this
gene in the pronephric ﬁeld, and with data showing that XOsr2 is
necessary for pronephros development (Tena et al., 2007). In the case
of SCL, Mo3 was targeted ventrally and expression compared with
sibling controls. In controls SCL expressionwas not strictly identical in
all embryos. It was reduced in two cases (n=2/49). SCL expression
appeared to be reduced in more cases in Mo3 morphants (n=11/53)
(Fig. 4B). This effect remains limited, indicating that Mix knockdown
does not affect primitive blood speciﬁcation in a similar way as
pronephros speciﬁcation.
Loss of Mix.1/2 function does not affect pronephros development through
an interference with Spemann's organizer
Analysis of Mix.1/2 morphants shows that Mo1 and Mo3 affects
neural expression of XPax-8 and XPax-2 in addition to their pronephric
expression (Figs. 4, 5). This might result from an interference with the
head organizer, since Mix.1 has been implicated in the establishment
of this structure (Lemaire et al., 1998). Although Mix.1 has not been
implicated in trunk organizer formation, it is possible that Mix.1/2 loss
of function actually interferes with the organizer, which, in turn,
affects pronephros speciﬁcation. In order to test this possibility, we
have ﬁrst analyzed whether DMZ explants from Mix.1/2 morphant
embryos are still able to induce pronephros when combined with
control VMZ explants. Mo3 or Cmo were microinjected into the two
dorsal blastomeres (20 ng per blastomere) at the 4-cell stage with
RLDx as lineage tracer. When embryos reached the early gastrula
stage, Mo3 or Cmo DMZ was combined with VMZ explants from
control embryos. Combinates were cultured until the late tailbud
stage (NF st. 33) and processed for in situ hybridization analysis of
XWT1 and XSMP30 expression. Results from two independent
experiments show that induction of XWT1 and XSMP30 is observed
in the VMZ region of both types of combinates (Fig. 6A). Inductions are
observed with similar frequencies for XWT1 (Mo3 n=25/37; Cmo
n=22/38) and XSMP30 (Mo3 n=9/35; Cmo n=14/37) showing that
Mo3 does not affect the dorsalizing activity of the organizer.
We have then tested whether it is possible to inhibit pronephric
expression of XPax-8 and XPax-2 without affecting their neural
expression, if Mo3 is targeted outside of the DMZ. A mix of Mo3
(13 ng) and RLDx was injected at the 8-cell stage into one ventro-
vegetal blastomere. Embryos were cultured until neurula and tailbud
stages for XPax-8 and XPax-2 expression analysis, respectively. There
were some variability in size and shape of blastomeres at the 8-cell
stagewhich affected the anterior extension of their progeny at neurula
or tailbud stages. Nevertheless, when RLDx labelling included
Fig. 4. Effect ofMix.1 andMix.2 loss of functions upon expression of nephrogenic mesoderm markers. (A) In situ hybridization analyses of XPax-8 or Xlim-1 expression in response to
morpholino injection, or repression ofMix.1 target genes with enRMix.1. Morpholinos or enRMix.1 expression was targeted to the right side of the embryo. β-galactosidase was co-
expressed and revealed with Red Gal. Mo1, Mo3 and enRMix.1 all cause a severe reduction of XPax-8 and Xlim-1 expression, showing thatMix.1 is required for the establishment of
nephrogenic mesoderm. Neural expression of XPax8 in the otic placode (arrowhead) is also affected. In contrast, Mo2 has only a very limited effect on the expression of these markers,
showing thatMix.2 alone is dispensable. (B) In situ hybridization analyses of mesodermal markers expression in response to Mo3 injection. Mo3 was targeted to the right side of the
embryo (XmyoD, XPax-8, XOsr2) or ventrally (SCL). Although XPax-8 expression is inhibited, XmyoD expression is only slightly expanded on the injected side. XOsr2 expression is also
inhibited in lateral mesoderm. In a minority of cases, SCL expression is reduced.
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inhibited in this tissue (n=32/62 three separate experiments). In these
cases, XPax-8 was always expressed in the otic placode (Fig. 6B).
Similarly, XPax-2 expression was inhibited at tailbud stage in the
developing pronephros (n=44/73, two separate experiments) without
affecting its neural expression. This shows that Mix.1/2 loss of function
is inhibiting pronephros development evenwhen the organizer is not
affected.
Inﬂuence of Mix.1/2 loss of function upon neural expression of
XPax-8 and XPax-2 may result from an interference with the head
organizer, as stated above, or from the up-regulation of FGF4 and FGF8
in the marginal zone (see below) that may impact on neural
precursors located in the non-involuting DMZ.
Loss of Mix.1/2 function results in an expansion of FGF4 and FGF8
expression at gastrula stage
As described in the ﬁrst paragraph, pronephros speciﬁcation is
very sensitive to levels and/or duration of FGF signals to which
pronephros precursors are exposed. It is thus possible that the
inhibition of pronephros development observed after loss of Mix.1/2
function may result from an interference with the regulation of FGF
signals in the marginal zone. We have therefore analyzed whether
Mo1 or Mo3 affects expression of FGF-encoding genes. We focused
on FGF4 and FGF8 because both genes have been implicated in
paraxial mesoderm speciﬁcation (Fisher et al., 2002; Fletcher et al.,
2006). These genes might orientate pronephros precursors towarda somitic fate if their expression was expanded in the marginal
zone.
Twenty ng Mo1 or Mo3 were injected into the two right
blastomeres at the 4-cell stage. Embryos were cultured until the
early gastrula stage (NF st. 10), and thenwere kept at 25 °C for deﬁned
periods before ﬁxation. This allows a more accurate comparison
between experimental series since staging of gastrulae according to
external morphological criteria often lacks precision, due to variations
between embryo batches. Under these conditions, closure of the
blastopore is observed after a 5 to 6 h culture time at 25 °C. Preliminary
experiments using Mo1 indicated that FGF4 and FGF8 expression was
already expanded as soon as NF st. 10+1 h (data not shown), but the
effect was obvious at NF st. 10+3 h. At this stage, embryos exhibited
external morphologies spanning from NF st. 10.75 to NF st. 11.
Expansion of FGF4 and FGF8 expression domains was similarly
observed in Mo1 and Mo3 morphants (Fig. 7; Table 2). FGF4 and FGF8
expression expanded in the vegetal mass toward the animal pole and
in deeper cells but remained conﬁned to the marginal zone. Mo1 or
Mo3 not only caused a spatial expansion of FGF4 expression but
probably also a strong up-regulation. We indeed observed that color
development times necessary for a strong detection of FGF4 expression
on the injected side of the embryowere barely sufﬁcient to detect FGF4
transcripts on the control side (Fig. 7). EnRMix.1 (50–100 pg) caused a
similar effect on FGF4 and FGF8 expression (Fig. 7; Table 2), further
conﬁrming that the inhibition of Mix.1/2 function leads to an
expansion of FGF4 and FGF8 expression during gastrulation. In order
to evaluate whether this process is associated with an increase of FGF
Fig. 5. Effect ofMix.1 and Mix.2 loss of functions upon later development of the pronephros. In situ hybridization analyses of XPax-2 (A–D) and XWT1 (E–H) in Mo1 or Mo3 injected
embryos. Morpholinos were targeted on the right side as described in Fig. 4. On control sides, XPax-2 is expressed in nephrostome, tubules andWolfﬁan duct. Its expression is totally
abolished in response toMo1 orMo3. Neural expression of XPax-2 in the hindbrain, optic and otic vesicles is also affected on the injected side. XWT1 is expressed in the glomus part of
the pronephros on control sides, while it is totally down-regulated on the injected side both with Mo1 and Mo3. (I) Histological analysis at early tadpole stage (NF st. 38) after
injection of Mo3 on the right side. Pronephros tubules differentiated on the control side (pt), are absent on the injected side. They are replaced by a mass of uncharacterized tissue
(arrow). n: notochord; nt: neural tube; s: somites.
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similarly affects the expression of the FGF target gene Xbra. At NF st.
10+3 h, Mo1, Mo3 and enRMix.1 caused an expansion of the Xbra-
expression domain (Fig. 7; Table 2). However, this effect appeared to
be more pronounced later during gastrulation (NF st. 11.5–12, Fig. 7)
suggesting that Xbra expansion is delayed relatively to that of FGF4 or
FGF8. Together, these observations show that the impaired develop-
ment of pronephros resulting from Mix.1/2 knockdown or repression
of their target genes is correlated with an expansion of FGF signals in
marginal zone during gastrulation.
Inhibition of early pronephros development in Mix.1/2 morphants can be
rescued by SU5402
In order to directly test whether the inhibition of pronephros
development observed after Mix.1/2 knockdown results from an
increase of FGF signals, we attempted to rescue XPax-8 and Xlim-1expression in Mix.1/2 morphants by interfering with FGF signalling
during gastrulation. Twenty ng Mo1 or Mo3 were microinjected into
the two right blastomeres at the 4-cell stage and embryos cultured
until NF st. 10+3 h as described above. At this stage, 10 nl of a 4-mM
solution of the FGF receptor inhibitor SU5402 were microinjected into
the blastocoele cavity (Fig. 8A). DMSO alone was injected as control.
Embryos were further cultured until mid-neurula stage (NF st. 16) and
processed for in situ hybridization analyses of XPax-8 or Xlim-1
expression. Embryos with the same levels of XPax-8 or Xlim-1
expression on both sides were scored (Figs. 8B, C). They show that
normal levels of XPax-8 and Xlim-1 expression are signiﬁcantly
rescued after injection of SU5402. Rescue is observed both after
Mo1 and Mo3 knockdown of Mix.1/2. This strongly suggests that the
impaired development of pronephros resulting from Mix.1/2 loss of
function is a consequence of increased FGF signals during gastrulation.
Furthermore, the observation that SU5402 rescues XPax-8 and Xlim-1
expression when applied at NF 10+3 h indicates that sensitivity of
Fig. 6. Inhibition of pronephros development does not result from an effect of Mo3 on the Spemann's organizer. (A) Mo3 does not affect the ability of DMZ explants to induce
pronephros markers in VMZ explants. DMZ explants were dissected at the early gastrula stage from embryos previously injected at the 4-cell stage with Cmo and RLDx, or Mo3 and
RLDx, in the two dorsal blastomeres. Explanted DMZ were combined with VMZ explants taken from uninjected embryos and combinates were cultured until tailbud stage (NF st. 33/
34). In situ hybridization analysis of XSMP30 and XWT1 expression in combinates (left panels) and corresponding RLDx ﬂuorescence (right panels). Induction of XSMP30 and XWT1
expression in the unlabelled VMZ is not affected by Mo3. Undissected DMZ donor embryos injected with Mo3 and cultured until the tailbud stage show head anomalies when
compared with Cmo-injected embryos. (B) Mo3 targeted outside of the organizer still inhibits pronephric expression of XPax-8 and XPax-2. Mo3 and RLDx were injected at the 8-cell
stage into one ventro-vegetal blastomere. Embryos were cultured until neurula or tailbud stage for the analysis of XPax-8 or XPax-2 expression, respectively. In situ hybridization
analysis of XPax-8 and XPax-2 expression (left and up panels, respectively) and corresponding RLDx ﬂuorescence (right and down panels, respectively). Comparison of control and
injected sides shows that Mo3 inhibits XPax-8 expression in the mesoderm at the neurula stage. Expression of XPax-2 in the lateral mesoderm is strongly reduced at tailbud stage
showing that pronephric development is impaired. However, XPax-8 expression in the otic placode (arrowhead), as well as neural expression of XPax-2 in the hindbrain, optic and
otic vesicles are identical on injected and control sides.
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half of gastrulation.
Exogenous Mix.1 affects FGF signals in the marginal zone
Our results support the idea thatMix.1/2 plays an important role in
the control of levels and/or duration of FGF signals in pronephros
precursors environment. In order to further study to what extentMix.1/2 negatively inﬂuence FGF signals in the lateral marginal zone,
we have examined the effect produced by ectopic Mix.1 upon
expression of FGF-encoding genes (FGF3, 4 and 8) and FGF-targets
(Xbra and XmyoD). Mix.1 mRNA was injected into the two right
blastomeres (100 pg each) at the 4-cell stage as described above.
Injected embryos were cultured until gastrula stage ( st. 10+3 h) and
processed for in situ hybridization. As shown in Fig. 8, FGF3,4, 8 and
XmyoD were totally down-regulated in marginal zone sectors where
Fig. 7. Effect of Mix.1 and Mix.2 loss of functions upon FGF4, FGF8 and Xbra expression during gastrulation. In situ hybridization analyses on mid-gastrula stage embryos (NF st. 10
further cultured 3 h at 25 °C) bisected transversally as described in Fig. 2, except for the expression of Xbra in enRMix.1-injected embryo showing a whole embryo at late gastrula
stage (NF st. 10 further cultured 4 h at 25 °C). Cmo, Mo1, Mo3 or enRMix.1 were targeted to the right side of the embryos as in Fig. 4. Red Gal staining results from β-galactosidase co-
expressed with morpholinos or enRMix.1. White arrowheads indicate injected sides. In response to Mo1, Mo3 and enRMix.1, FGF4 is strongly up-regulated on the injected side. Its
expression is barely detected on the control side and requires longer color development times to be visible, as exempliﬁed for the Cmo example shown. Both Mo1 and Mo3 cause an
expansion of FGF8 expression in vegetal cells localized deeper in the vegetal mass or closer to the blastocoel ﬂoor. A similar expansion of Xbra expression is visible, although more
limited than that of FGF4 and FGF8. Expansion of Xbra expression is more evident at late gastrula stage.
Table 2
Increase of FGF-encoding genes and Xbra expression resulting from Mix.1/2 loss of
function
Markers Cmo Mo1 Mo3 enRMix.1
FGF4 0% (n=17) 84% (n=99) 75% (n=40) 90% (n=30)
FGF8 0% (n=20) 77% (n=62) 74% (n=34) 85% (n=27)
Xbra — 70% (n=20) 60% (n=32) 68% (n=19)
Results are reported as the percentage of embryos showing expanded expression of a
particular gene on the injected side relatively to the control side. n: total number of
embryos analyzed from at least two independent experiments.
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affected in a very similar way to that previously reported for Xbra
(Latinkic et al., 1997; Lemaire et al., 1998) (Fig. 9). In a gain of function
context, Mix.1 appears to primarily act on FGF ligand production by
down-regulating FGF3, 4 and 8. FGF4 and the splice variant FGF8b
have been shown to be necessary for Xbra and XmyoD expression
(Fisher et al., 2002; Fletcher et al., 2006; Isaacs et al., 1994). Loss of
Xbra and XmyoD expression in the lateral marginal zone is therefore
likely to result from the absence of FGF4 and FGF8b in the cellular
environment.
Several results suggest that in a gain of function context Mix.1 has
an overall inhibitory effect upon mesoderm formation (Lemaire et al.,
1998), although it is unclear whether this effect results from the
strong inhibition of FGF in the marginal zone. Loss of function results
showing that Mix.1 is necessary for the development of pronephros
rather suggest that endogenous Mix.1 is not globally repressing
mesoderm formation. We have therefore analyzed whether, in a gain
of function context, Mix.1 affects pronephros development. We have
tested Mix.1 mRNA doses ranging from 10 to 50 pg because
gastrulation is strongly perturbated at higher doses such as 100 pg.
Embryos injected as above were ﬁxed at different stages for the
analysis of Xbra (mid-gastrula), XPax-8 (mid-neurula stage) and
XSMP30 (tailbud stage). 15–25 pg doses did not signiﬁcantly
perturbate gastrulation movements. At 25 pg (two independent
experiments), Xbra expression was clearly inhibited (n=10/10). Under
these conditions,Mix.1 overexpression affected neither XPax-8 (n=26/
28) nor XSMP30 (n=22/22) expression patterns (Fig. 9).Mix.1-expressing cells implanted in lateral marginal zone can populate
somites
In order to further characterize the effect of Mix.1 overexpression
upon mesoderm formation, we have analyzed the ability of Mix.1-
expressing cells to populate somites when they are implanted into the
lateral marginal zone of normal early gastrula stage embryos, as
described above for t-R1 expressing cells. A small number of Mix.1-
expressing cells will be thus dispersed among unmodiﬁed marginal
zone cells and exposed to a normal set of signals, including FGFs.
Contribution of labelled cells to somites was analyzed at early tadpole
stage (Figs. 10A–C, three independent experiments). One hundred
percent of grafted embryos contained control RLDx labelled cells in
anterior somites (n=61/61) (Fig. 10B). GFP-labelled cells overexpres-
sing Mix.1 contributed to somites in a slightly lower number of
embryos (n=41/61; 72% of grafted embryos) (Fig. 10A). However, both
Fig. 8. Inhibition of FGF signalling rescues expression of nephrogenic mesoderm markers in Mo1 and Mo3-injected embryos. (A) Design of the experiment. Morpholinos were
injected in the two right blastomeres at the 4-cell stage. At the mid-gastrula stage, a solution of the FGF receptor inhibitor SU5402 was injected into the blastocoel. Embryos were
further cultured until the neurula stage, and processed for in situ hybridization analyses of XPax-8 and Xlim-1 expression. (B) Examples of rescue. Left column corresponds to
morphant embryos that received intrablastocoelic injection of the solvent alone. These embryos display a strong inhibition of XPax-8 and Xlim-1 expression by Mo3. Right column
shows rescue of XPax-8 and Xlim-1 by intrablastocoelic injection of the SU5402 solution. (C) Percentage of embryos with normal levels of XPax-8 or Xlim-1 expression on both sides
relative to the total number of analyzed embryos (n) scored in three independent experiments.
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shape of somitic cells, showing that Mix.1 overexpression had little
effect on the capacity of grafted cells to adopt a somitic fate. In order to
compare these data with a situation where somitic speciﬁcation is
expected to be blocked cell autonomously, we analyzed the distribu-
tion of cells expressing a dominant negative FGF receptor (XFD) using
the same assay (two independent experiments). As expected from
their inability to interpret FGF signals from their environment, none of
the XFD–GFP cells were found in somites (Fig. 10D), although control
RLDx-labelled cells populated these structures with a high frequency
(n=29/40; 73% of grafted embryos, Fig. 10E). Therefore, Mix.1overexpression does not affect the ability of mesodermal cells to
contribute to somitic mesoderm when they are placed in a normal
environment. This suggests that repression of mesoderm develop-
ment resulting from Mix.1 overexpression (Lemaire et al., 1998) likely
occurs in a non-cell autonomous manner.
Discussion
The data presented here show that the paired-homeobox gene
Mix.1, and probably its close relative Mix.2, plays a critical role in
the regulation of FGF signals in the lateral marginal zone during
Fig. 9. Perturbation of FGF signals during gastrulation byMix.1 overexpression. High dose ofMix.1mRNA (100 pg) was injected into the two right blastomeres at the 4-cell stage, and
embryos cultured until the mid-gastrula stage for in situ hybridization analysis of FGF-encoding genes (FGF3, 4, 8) or FGF-target genes (Xbra and XmyoD). Expression of all analyzed
genes is inhibited indicating thatMix.1 overexpression globally interfered with FGF signals in the marginal zone. At a lower dose that does not block gastrulation (25 pg), Xbra is still
down-regulated. Embryos of the same series of injection ﬁxed at later stages express XPax-8 at the neurula stage and XSMP30 at the tailbud stage, showing that pronephros
development has not been affected.
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the regionalization of the Spemann's organizer and the develop-
ment of endoderm (Latinkic and Smith, 1999; Lemaire et al., 1998),Fig. 10.Mix.1 overexpressing cells can adopt a somitic fate. Small aggregates of control cells
dorsolateral marginal zone of unlabelled recipient embryos, as described in Materials andme
Distribution ofMix.1 overexpressing cells (A) and control cells (B) in a representative examp
The progeny of grafted cells is also observed in the pronephros (arrowheads). Cells expressing
a representative example (D–I), cells expressing XFD and GFP are never observed in somites
region (arrowheads).our data suggest that these genes also play an important role in the
patterning of the laterodorsal mesoderm, by modulating FGF signals
during pronephros speciﬁcation. This conclusion is supported by thestained with RLDx and cells expressing exogenousMix.1 and GFP were implanted in the
thods. Presence of ﬂuorescent cells in somites was analyzed at early tadpole stage. (A–C)
le. Both kinds of cells are able to differentiate into well-elongated somitic cells (arrows).
a dominant negative FGF receptor (XFD) have a totally different behaviour. As shown in
(D), although control RLDx cells do (E, arrow). XFD cells are observed in the pronephros
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knockdown of Mix.1/2 results both in an expansion of FGF4 and
FGF8 expression at gastrula stage, and in the total inhibition of
pronephros development at later stages. Repression of Mix.1 target
genes by the expression of the enRMix.1 construct produces very
similar effects. Second, we show that intrablastocoelic injections of
the FGF receptor inhibitor SU5402 can rescue expression of early
pronephros markers XPax-8 and Xlim-1 in morphant embryos.
Further arguing for a role of Mix.1 in the regulation of FGF signals,
we observe that overexpression of Mix.1 in the marginal zone
results in the down-regulation of FGF3, 4, 8 and XmyoD, in addition
to Xbra. When moderately overexpressed, Mix.1 inhibits Xbra
expression without perturbating pronephros development, indicat-
ing that Xbra down-regulation is not an indirect effect of mesoderm
suppression. Even overexpressed at a high dose, Mix.1 does not
prevent cells implanted in the marginal zone to adopt a somitic fate
showing that Mix.1 cannot suppress mesoderm formation in a cell
autonomous way.
Inhibition of pronephros and ventral mesodermal fates by FGF involves
distinct mechanisms
The observation that FGF overexpression represses both blood
(Kumano and Smith, 2000) and pronephros fates raises the question
to know whether FGF interferes with the same mechanisms in both
cases. It has been proposed that FGF is playing a role in deﬁning
domains within the mesoderm that have differential competence to
respond to primitive blood inducers (Kumano and Smith, 2002).
ADMP2 has been implicated in this process (Kumano et al., 2006).
ADMP2 expression is increased when FGF signalling is inhibited,
suggesting that it is regulated by FGF, while ADMP2 knockdown
results in an inhibition of ventral blood islands and heart
development. Repression of blood fate by FGF is mediated by Xbra
(Kumano et al., 2001). FGF-dependent inhibition of pronephros
development actually appears to involve distinct mechanisms.
Analysis of GFP distribution in Xbra-GFP transgenics shows that
pronephros precursors express Xbra, while blood precursors do not,
as expected from the involvement of Xbra in the inhibition of blood
fate. Furthermore, ADMP2 knockdown neither affects Xlim-1
expression in the developing pronephros, nor paraxial or lateral
plate mesoderm markers (Kumano et al., 2006). Together, these
data suggest that pronephros precursors lie in a domain with
paraxial and lateral plate mesoderm precursors where ventral fates
have been repressed by early FGF signals. The inhibitory action of
FGF on pronephros development is likely to occur later, at a time
when Mix.1/2 function results in the down-regulation of FGF in
pronephros precursors environment. In support of this is our
observation that Xlim-1 and XPax-8 expression in Mix.1/2 morphant
embryos can be rescued by inhibiting FGF signalling from mid-
gastrula stage onward. Since pronephric glomus and tubules are
speciﬁed at the late gastrula stage (NF st. 12.5) (Brennan et al.,
1998; Brennan et al., 1999), the critical period of sensitivity of
pronephros precursors to FGF is therefore likely to lie during the
second half of gastrulation.
Interference of FGF with pronephros speciﬁcation
Our results point to a role of Mix.1/2 in the regulation of FGF
signals during pronephros speciﬁcation. This raises the question of
the mechanisms perturbated by ectopic FGF signals that cause
inhibition of pronephros development. FGF4 and the FGF8 splice
form FGF8b are acting upstream of XmyoD (Fisher et al., 2002;
Fletcher et al., 2006). These genes could ectopically up regulate
XmyoD, or maintain its expression in a wider domain, if their
expression was expanded. However, XmyoD expression at the
neurula stage is not ectopically activated in the entire lateralmesoderm upon FGF4 overexpression. Rather, FGF4 overexpression
(Fig. 1B), or Mix.1/2 knockdown (Fig. 4B), only results in a limited
expansion of XmyoD expression in the immediate neighbouring
cells. Some of these cells normally form the dorsal region of
pronephric ﬁeld and may become integrated into paraxial meso-
derm, as the result of an expansion of Xmyod. Yet, ectopic XmyoD
cannot account for the down-regulation of Xlim-1 and XPax-8 in the
entire lateral plate consecutive of FGF4 overexpression (Fig. 1B) or
Mix.1/2 loss of function (Fig. 4A). In that case, an interesting
hypothesis is that FGF signals may interfere with RA signalling.
Inhibition of RA signalling (Cartry et al., 2006) and ectopic activation
of FGF (this paper) during gastrulation similarly inhibit XPax-8 and
Xlim-1 expression. Activation of Xlim-1 expression in response to
exogenous RA is rapid and occurs in the absence of protein
synthesis, suggesting that Xlim-1 might be a direct target of RA-
dependent transcriptional activation in the pronephric ﬁeld (Cartry
et al., 2006). Nonetheless, potential interactions between FGF and
RA signals in the mesoderm still need to be characterized during
gastrulation.
Complex regulation of FGF signals during pronephros development
When speciﬁcation of pronephros is achieved by the end of
gastrulation, FGF signals play important positive roles in later
development of the pronephros. It has been shown that inhibition
of FGFR signalling during neurulation causes an inhibition of
pronephros primordium condensation and an inhibition of Xlim-1
expression at the tailbud stage, while development of the glomus is
not affected. The critical period lies in a 5–6 h period between mid-
neurula (NF st. 15) and early tailbud stages (NF st. 21/22). Targeted
FGF8 knockdown alters later tubule development by causing an
inhibition of tubule epithelialization (Urban et al., 2006). Together
with our present results, these data suggest that FGF signals are
repressed or activated during pronephros development according to a
precise time course. It is interesting to note that down-regulation of
Mix genes at the end of gastrulation coincides with speciﬁcation of
pronephric tubule and glomus (Brennan et al., 1998; Brennan et al.,
1999; Henry and Melton, 1998; Rosa, 1989).
Mix.1/2 inﬂuence FGF expression in the lateral marginal zone by an
unknown mechanism
In the lateral marginal zone, loss of Mix.1/2 functions results in
the expansion of FGF4, 8 and Xbra expression, while Mix.1
overexpression inhibits FGF3, 4, 8 and XmyoD, in addition to Xbra.
These results support the conclusion that Mix.1/2 are involved in the
regulation of FGF signals in the lateral marginal zone. The
mechanisms involved still remain unknown. It is clear that Mix.1/2
cannot directly repress FGF4, FGF8 or Xbra, since repression of Mix.1
targets by enRMix.1 phenocopies Mix.1/2 knockdown by morpholi-
nos. In the dorsal marginal zone, Mix.1 is involved in the
ampliﬁcation and maintenance of gsc expression in anterior
endomesoderm (Latinkic and Smith, 1999), where gsc directly
represses Xbra (Artinger et al., 1997; Latinkic et al., 1997). Gsc is
not expressed in the lateral marginal zone, but it is possible that a
yet unidentiﬁed target(s) of Mix.1/2 is involved in the direct or
indirect repression of FGF4, 8 and Xbra. Although we cannot rule
out the possibility that Xbra controls, to some extent, FGF4
expression in the dorsal lateral marginal zone (Casey et al., 1998),
it seems unlikely that the strong up-regulation of FGF4 observed
upon Mix1/2 knockdown only indirectly results from the expansion
of Xbra expression. Ectopic Xbra expression is more limited than
that of FGF4 (Fig. 6) and is not visible at early gastrula stage when
FGF4 expansion can already be observed (data not shown). Probably,
ectopic Xbra expression is secondary caused by the expansion of
FGF4 and FGF8 signals.
364 A. Colas et al. / Developmental Biology 320 (2008) 351–365Absence of FGF can explain mesoderm suppression observed upon Mix.1
overexpression
In gain of function experiments, Mix.1 acts as a mesoderm
suppressor, although tissues overexpressing Mix.1 are not converted
to endoderm (Lemaire et al., 1998). Here, we provide evidence that
Mix.1 overexpression does not prevent marginal zone cells to
differentiate into elongated somitic cell, if they develop in a normal
environment (Fig. 10). This shows that Mix.1 overexpression does not
affect somitic development in a cell autonomous manner. One
possible scenario is that Mix.1 overexpression ﬁrst causes a loss of
FGF in the environment, and a subsequent loss of XmyoD expression
that eventually leads to an impaired development of paraxial
mesoderm. In favour of this interpretation is our observation that
FGF3, 4, 8 as well as the FGF-target genes XmyoD (Fisher et al., 2002;
Fletcher et al., 2006) are down-regulated in response to exogenous
Mix.1 (Fig. 9). If cells overexpressing Mix.1 are put in an environment
where FGF signals are unperturbated, they are still able to interpret
them, maintain XmyoD expression and adopt a somitic fate. This
agrees well with the idea thatMix.1 and probablyMix.2 affect cell fate
in the lateral marginal zone by modulating FGF signals in their
environment.
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